Ischemic heart disease (IHD) is the leading healthrelated cause of mortality in the Western world. Although recent trends show decreases in mortality of patients with IHD, well over 50% of patients exhibit myocardial infarction or sudden death. A hallmark of IHD is the development of coronary vascular lesions, which are linked to well known risk factors such as diabetes and obesity-conditions associated with inflammation. The purpose of this review is to highlight the importance of, and some causes of inflammation in endothelial dysfunction that inevitably leads to vascular disease.
j Abstract Clinical and experimental data support a link between endothelial dysfunction and inflammation. Inflammatory cytokines are important protagonists in formation of atherosclerotic plaque, eliciting effects throughout the atherosclerotic vessel. Importantly, the development of atherosclerotic lesions, regardless of the risk factor, e.g., diabetes, hypertension, obesity, is characterized by disruption in normal function of the endothelial cells. Endothelial cells, which line the internal lumen of the vasculature, are part of a complex system that regulates vasodilation and vasoconstriction, growth of vascular smooth muscle cells, inflammation, and hemostasis, maintaining a proper blood supply to tissues and regulating inflammation and coagulation. Current concepts suggest that the earliest event in atherogenesis is endothelial dysfunction, manifested by deficiencies in the production of nitric oxide (NO) and prostacyclin. The focus of this review is to summarize recent evidence showing the effects of inflammation on vascular dysfunction in ischemicheart disease, which may prompt new directions for targeting inflammation in future therapies.
j Key words inflammation -vascular dysfunctioncytokines -ischemic-heart disease -nitric oxidevasodilation tied to repair. Endothelial dysfunction is a broad term that implies diminished production or availability of nitric oxide (NO) and/or an imbalance in the relative contribution of endothelium-derived relaxing and contracting factors, such as endothelin-1 (ET-1) [48, 70] , angiotensin, and oxidants. NO, generated by the conversion of the amino acid L-arginine to NO and Lcitrulline by the enzyme NO synthase, is the key endothelium-derived relaxing factor that plays a pivotal role in the regulation of vascular tone and vasomotor function [49] . Small amounts NO produced by endothelial cells result in smooth muscle relaxation and vasodilation and are anti-thrombogenic to platelets. Impaired endothelium-dependent vasodilation in coronary arteries with established atherosclerosis results in paradoxical vasoconstriction, which may result in reduced myocardial perfusion and myocardial ischemia. However, endothelial dysfunction, as assessed in terms of vasomotor dysfunction, can occur well before the structural manifestation of atherosclerosis and thus can serve as an independent predictor of future cardiovascular events [6, 49] .
Constituents of inflammation are circulating cells, connective tissue cells, extracellular matrix (ECM) and basement membrane (BM). An acute inflammation can be determined in minutes to days by the presence of neutrophils and fluid protein exudates. Inflammation is terminated when the injurious stimulus is removed and all the mediators are dissipated or inhibited. The three stages of acute inflammation in a vessel are vasodilation, increased permeability of microvasculature, and vascular stasis. The delayed sustained response is observed as endothelial cells undergo cytoskeletal changes that disrupt junctions in venules and capillaries, which takes 4-6 h after the mediator stimulus and lasts for days. The factors involved in the delayed sustained response are: interleukin (IL)-1, tumor necrosis factor-alpha (TNF-a, interferon-gamma (INF-c, hypoxia and sublethal injury. Cytokines are produced mainly by lymphocytes and macrophages after stimulation by toxins, injury or inflammatory mediators. Lymphokines, monokines, chemokines, colony stimulating factors, interleukins, and growth factors, etc., are cytokines. The general properties of cytokines are: (1) short half-life, (2) modulation of the immune response, (3) production/modulation by many types of cells, (4) redundancy, (5) interactive with other cytokines and, (6) recognition by specific receptors.
Various infections cause endothelial dysfunction (Fig. 1) . The cause of inflammation may be multifactorial, but it is probable that various chronic infectious processes contribute [47] . When endothelial cells (ECs) undergo inflammatory activation, the increased expression of selections, vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1) promotes the adherence of monocytes [10] . Adhesion molecule expression is induced by proinflammatory cytokines such as IL-1b and TNF-a, by the acute-phase protein, Creactive protein (CRP), that is produced by the liver in response to IL-6, by protease-activated receptor signaling, by ox-LDL uptake via ox-LDL receptor-1 (LOX-1), and by CD40/CD40 ligand (CD40L and CD154) interactions [10, 49, 54] .
One chronic consequence of endothelial dysfunction is the initiation of the pathological sequalae leading to vascular disease. In this process, the first evolution of a fatty streak toward a complex lesion is typified by the proliferation of smooth muscle cells (SMCs), their migration toward the intima, and their synthesis of collagen. Continued release of cytokines, such as MCP-1, by activated ECs, T-cells, and foam cells not only perpetuates inflammation and lipid accumulation within the atheroma but also influences SMC activity. Disruption of the vulnerable atherosclerotic plaque, on exposure to hemodynamic stresses, can trigger thrombosis, culminating in acute myocardial infarction [49] . Usually, the outcomes of acute inflammation are resolution, scarring, and abscess formation, which progress to chronic inflammation. Vascular endothelial cells play an important role in the control of vascular tone. The reasons for coronary endothelial dysfunction are complex and may involve ischemia/reperfusion injury. Smoking, obesity, hypertension, diabetes, physical inactivity and hypercholesterolemia are established atherogenic risk factors. Influenced by these risk factors, atherosclerosis is considered a chronic inflammatory disease, associated with endothelial dysfunction and other profound changes in the vascular system [26] . Chronic inflammation is a major contributing factor to atherosclerosis and various markers of inflammation, fibrinolysis and coagulation are upregulated in patients with established atherosclerotic disease [26] . While myocardial function has already recovered, endothelial cells are more severely impaired than smooth muscle cells, and this injury persists beyond myocardial stunning [20] . Thus, endothelial-dependent dysfunction can still impair vasodilation while ventricular dysfunction has already resolved, which confirms the concept that myocardial and vascular stunning represent relatively independent phenomena [20] .
For vascular homeostasis, endothelial cells are of utmost importance and they produce a variety of mediators, surface proteins, and autocoids involved in vasomotion, coagulation, and inflammation [31] . TNF-a plays an important role in the corruption of vascular homeostasis in certain pathologies (Table 1) . The involvement of TNF-a in the pathogenesis of shock-induced cardiac dysfunction and in acute myocardial infarction (AMI), chronic heart failure, atherosclerosis, viral myocarditis, and cardiac allograft rejection [33] is well accepted. TNFa and other cytokines (CRP, IL-6) are elevated in, and thought to contribute to, insulin resistance [16, 17, 66] . Elevated levels of TNF-a are also associated with coronary artery disease. Moreover, TNF-a inhibits endothelium-dependent NO-mediated dilation of coronary arterioles by ceramide-induced activation of JNK and subsequent production of superoxide via xanthine oxidase [10, 68] . Because myocardial ischemia elevates TNF-a levels, production of this cytokine could contribute to inadequate regulation of coronary blood flow during the development of ischemic heart disease [68] . Such a proposal has been suggested by Heusch's group in which the production of TNF-a during microembolization has contributed significantly to the evolution of ischemic damage [53] . Furthermore, Rask-Madsen et al. [39] demonstrated that TNF-a inhibited both insulin-stimulated glucose and endothelium-dependent vasodilation in humans. TNF-a inhibits NO-mediated endothelium-dependent vaso- Fig. 1 The indicators of endothelial dysfunction in cardiovascular diseases (CVD) are portrayed. Normally, endothelial cells regulate the homeostasis of the vessel wall. The healthy endothelium is not leaky, anti-adhesive and is able to relax vascular smooth muscle cells. However, when risk factors (diabetes, ischemia/reperfusion, obesity and atherosclerosis etc.) disturb endothelial cells, which induce endothelial dysfunction and vascular remodelling. We have an impaired vascular control when the damaged endothelium is leaky, sticky and unable to relax vascular smooth muscle cells. In brief, central to the endothelial dysfunction is oxidative stress. The oxidative stress is induced by the production of reactive oxidative species (ROS) and this induces NF-jB. Key to the production of ROS is AGE/RAGE and TNF-a signaling, but ox-LDL/LOX-1 signaling is also involved in ROS production. The interactions among oxidative stress, AGE/RAGE, TNF-a/TNFR and ox-LDL/LOX-1 are because oxidative stress induces NF-jB, and this transcription factor can induce AGE, TNF-a and ox-LDL expression; and TNF-a can induce RAGE and LOX-1 expression. Thus, the oxidative stress of diabetes, begets more oxidative stress, eventually inducing endothelial dysfunction, because of decreased bioavailability of nitric oxide (NO, due to the reaction between NO and O 2 AE ) ) relaxation in small coronary arteries via sphingomyelinase activation and consequent O 2 AE ) production in ECs [11, 14, 28, 32, 69] .
TNF-a is expressed at low concentrations in the healthy heart, and such TNF-a is mainly located to the vascular endothelium. Left ventricular function as well as prognosis of heart failure patients is not improved following administration of TNF-a antibodies [41] . The ischemia-induced increase in the myocardial TNF-a concentration, however, contributes to irreversible tissue injury, since administration of TNF-a antibodies reduced infarct size following coronary artery occlusion/reperfusion [41] . TNF-a is the mediator responsible for the profound contractile dysfunction following coronary microembolization [13, 14] . The diverse signaling events that regulate varied TNF-a responses are all initiated by the binding of heterotrimeric ligand to one of two cell surface receptors (TNFR1 and TNFR2) [58] . Gilmont et al. [21] have shown a direct effect of TNF-a on ECs, whereby the cells are rendered more susceptible to oxidant injury accompanying reperfusion in rat pulmonary artery endothelial cells. Usually, TNFR1 can be released (shed) from the cellular membrane, becoming a soluble receptor and modulating the activity of circulating TNF, decreasing the amount of TNF that can be bound to the cell receptor initiating the signaling pathway. Several mutations on TNFR1 have been described and most of them generate a bound receptor that cannot be released from the cell membrane and cannot elicit the modulation function on TNF-a related inflammatory processes; moreover, the cellular receptor TNFR2 remains functionally intact, therefore TNF-a related processes are enhanced, inducing the inflammation cascade and cell apoptosis. TNF-a is one of the key inflammatory mediators that is expressed during a variety of inflammatory conditions and initiates the expression of an entire spectrum of inflammatory cytokines ranging from many interleukins to interferons. Current evidence suggests a strong relation between inflammation and endothelial dysfunction.
Roles of AGE/RAGE signaling in inflammationinduced endothelial dysfunction
The basis for advanced glycation end products (AGEs) being involved in the pathophysiological sequelae of vascular dysfunction in type II diabetes is found in the hyperglycemia that occurs in this disease, and the fact that hyperglycemia leads to the production of AGEs. Hyperglycemia and oxidant stress promote nonenzymatic glycoxidation of proteins and lipids [15] . The final products of these reactions, termed AGEs, have both direct and indirect effects [15] . Direct activities of AGEs include the capacity to alter vessel wall architecture through formation of intermolecular crosslinks and trapping of plasma components, reducing elasticity. AGE-mediated generation of low levels of reactive oxygen species can result in quenching of the endogenous vasorelaxant, nitric oxide [15] . The most characterized AGE binding protein is the receptor for AGEs (RAGE). RAGE, a 45-kDa protein belonging to the immunoglobulin superfamily, is present on the cell surface of a variety of cells, including endothelial cells, mononuclear phagocytes, and hepatocytes [56] . RAGE is a multiligand receptor that also binds to several proteins in the S100 family including S100A12 (EN-RAGE) and S100b. S100b and S100A12 are calcium binding proteins with inflammatory properties [56] . Activation of RAGE by its various ligands reportedly induces a variety of proinflammatory and procoagulant cellular responses, resulting from the activation of NF-jB, including the expression of VCAM-1, TNF-a, IL-6, and tissue factor (TF) [56] . By interacting with the receptor for AGE (RAGE), AGEs magnify their biologic effects considerably by recruiting cellular elements. RAGE is a member of the immunoglobulin superfamily of cell surface molecules with a ligand repertoire, including AGEs, S100/calgranulins, amyloid-b peptide, and amphoterin [15] . Two general outcomes of RAGE-mediated cellular activation include an elicitation of a proinflammatory phenotype, resulting from expression of mediators (cytokines) and effectors (metalloproteinases and tissue factor), and upregulation of the receptor itself. The latter has the potential to create a positive feedback loop in which ligand-induced expression of RAGE places more receptors on the cell surface to potentiate subsequent rounds of RAGE-induced cellular activation [15] .
In humans with diabetes, the increase in circulating AGE has been found to parallel the severity of diabetic kidney disease. AGEs accumulate more quickly than normal in the blood and arteries of patients with diabetes [50, 65] . Diabetic rats treated with pimagedine (aminoguanidine, prevents AGE formation) showed a reversal of inadequate blood flow to the nerves and gradual improvement of the nerves' ability to transmit signals. This suggests that pimagedine may have potential for treating diabetic neuropathy [27] . Once AGEs begin forming they become self-perpetuating and irreversible in many tissues. Some glycosylated proteins undergo complex chemical interactions with other proteins, even in the absence of continued high blood sugar. Theoretically, as AGEs become self-perpetuating and wellestablished in certain tissues, and even if the diabetes were cured and blood sugar returned to nor-mal, the AGEs might continue to increase, thereby leading to diabetic complications [27, 50, 65] . The interaction of AGE with its receptor (RAGE) induces the production of reactive oxygen species (ROS), which can stimulate the cascade leading to NF-jBinduced transcriptional events. NF-jB will induce expression of TNF-a [9, 51, 62] , which can lead to further production of ROS, and in turn induce the formation of AGE products. This possible amplification is shown in Fig. 1 , where we present an heuristic model for interactions between AGE/RAGE and TNF-a signaling.
Role of oxidative stress in endothelial dysfunction
The production of ROS by TNF-a and AGE/RAGE signaling would compromise the bioavailability of NO. NO protects vessels from atherogenic insult via several mechanisms, including alteration of LDL modification, platelet and leukocyte function, SMC modification, and maintenance of vascular homeostasis [7] . Enzymes involved in the metabolism of NO and ROS may play a role in the decreased availability of NO in atherosclerosis [7] . NO inhibits thrombus formation, vascular contraction, and smooth muscle cell proliferation [52] ) release was significantly elevated in vessels from patients with diabetes: Western immunoblot analysis showed increased levels of the p22phox membrane-bound subunit and the p67phox and p47phox cytosolic subunits in both veins and arteries from diabetic patients. Moreover, engagement of RAGE triggers signaling cascades in which activation of NAD(P)H oxidase recruits multiple downstream pathways, including p21ras, the mitogen-activated protein kinases, the Jak/stat pathway, phosphatidylinositol three-kinase, cdc42/rac, and nuclear translocation of NF-jB [15] . TNF-a activates the transcription of proinflammatory gene products including E-selectin, ICAM-1 and VCAM-1 via a translocation of NF-jB from the cytoplasm into the cell nucleus and subsequent induction of the cell adhesion molecules promotor reporter genes [40] .
As mentioned previously, NF-jB links TNF-a and AGE/RAGE signaling because the expression of TNF-a is induced by NF-jB [11, 44, 51] . However, there is no report elucidating the role of TNF-a in endothelial dysfunction in type II diabetes and the mechanisms by which TNF-a induces this injury. Therefore, investigations were conducted to determine how type II diabetic-induced coronary endothelial dysfunction is mediated by TNF-a to decipher the causal mechanisms [18] . AGE/RAGE signaling stimulates the production of O 2 AE ) , which could further both the oxidative stress, and the impaired bioavailability of NO. O 2 AE ) is the chemical precursor to many ROS, such as H 2 O 2 , and ONOO ) . Thus, the impaired NO function may be the direct result of the overproduction of O 2 AE ) induced by TNFa and AGE/RAGE. Over the last two decades, scientists world-wide have focused on the mechanisms and manifestations of diabetes. The basis for the manifestations of type II diabetes on endothelial dysfunction and vascular disease are incompletely understood. Diabetes impairs NO-mediated dilation in coronary arterioles. Short-term treatment of type II diabetes mellitus mice with the PPAR-c activator rosiglitazone augments NO-mediated, flow-dependent dilation of coronary arterioles, despite the presence of hyperglycemia and hyperinsulinemia. These changes are associated with a reduction in vascular NAD(P)H oxidase activity and enhancement of vascular catalase activity demonstrating a functionally important antioxidant activity of the anti-inflammatory PPAR-c ligand [2] . The inflammatory cytokine, TNF-a, affects intracellular insulin signaling in fat, skeletal muscle and other insulin sensitive tissues by inhibiting kinase activity in the proximal part of the insulin signaling pathway [39] . Rask-Madsen [39] showed that the forearm blood flow response to ACh was inhibited by TNF-a and the inhibitory effect of TNF-a was larger during co-infusion of insulin: their results demonstrate that TNF-a plays a pivotal role in insulin mediated endothelial function. AGE/RAGE signaling also stimulates the production of O 2 AE ) , which could further both the oxidative stress, and the impaired bioavailability of NO.
Current concepts in endothelial dysfunction and inflammation
eNOS transduction in atherosclerotic human carotid artery results in high expression without any measurable activity of the recombinant protein. The defect in the atherosclerotic vessels is neither caused by co-factor deficiency nor enhanced NO breakdown [52] . Circulating and cardiac TNF-a concentrations increase in response to myocardial ischemia/reperfusion within minutes, most likely by release from macrophages, monocytes, and mast cells [3] . Classic ischemic preconditioning decreases cardiac and circulating TNF-a concentrations during sustained ischemia and reduces myocardial infarct size in rabbits [3] . TNF-a is responsible for progressive contractile dysfunction and delayed protection against infarction in coronary microembolization [45] . Belosjorow S et al.'s study, while insightful, neither proves nor disproves the causal involvement of TNF-a in the signal cascade from classic ischemic preconditioning [3] .
Recently, investigations into the pathophysiological manifestations of ischemic heart disease focus on assessing a potential role of the inflammatory cytokine, TNF-a, in ischemia/reperfusion injury using a murine genetic model, TNF ++/++ mice (transgenic mice that overexpress TNF-a) [19, 67] . The TNF ++/++ transgenic model offers a unique approach to assess the role played by TNFa in many cardiovascular diseases. This approach also examines the mechanisms underlying the endothelial dysfunction of coronary artery in pathological conditions such as coronary artery disease and other cardiovascular related health problems of particular importance in the United States. The authors also utilize genetic models for obesity and type II diabetes (Lepr db mouse), the heterozygote lean controls (m Lepr ). TNF-a is a key inflammatory mediator expressed during a variety of inflammatory conditions. Furthermore, TNF-a initiates the expression of an entire spectrum of inflammatory cytokines ranging from many interleukins to interferon. The hypothesis regarding diabetes diverges when considering the enzyme system responsible for this pathophysiological disease. Diabetes is one of the leading risk factors for the development of coronary artery and peripheral vascular diseases. Before vascular disease develops in diabetics, endothelial dysfunction occurs. In fact, endothelial dysfunction appears to be a hallmark underlying vascular disease of many etiologies. Understanding endothelial dysfunction is critical because the progression of vascular disease may be halted if endothelial dysfunction is remediated. To delineate a potential cause of endothelial dysfunction is to test the hypothesis that TNF-a induces inflammation responsible for endothelial dysfunction in type II diabetes. Current evidence shows that endothelial function was normal in diabetic mice that were lacking TNF-a (TNF knockout in the Lepr db diabetic mouse) [18] . Different inflammatory intracellular pathways are known to be involved in the development of diabetic cardiomyopathy [60] . Type I and type II diabetes mellitus has experimentally been characterized by intramyocardial inflammation, including increased TNF-a expression, oxidative stress and myocardial fibrosis [60] . TNF-a is a pro-inflammatory cytokine with various biological effects, involving the activation of mitogen-activated protein kinase (MAPK), e.g., the extracellular signal-regulated kinase (ERK) [60] . TNFa-antagonism attenuates the development of experimental diabetic cardiomyopathy associated with a reduction of intramyocardial inflammation and cardiac fibrosis [60] . Diabetic mice have elevated expression of TNF-a, suggesting that this inflammatory cytokine produces, or at least contributes to, endothelial dysfunction in diabetes. The endothelial dysfunction associated with TNF-a in diabetes was related to excess production of the free radical, superoxide. Finally, advanced glycosylation end product and the receptor for these products seemed to amplify TNF-a expression in diabetes; thus, TNF-a and AGE/RAGE signaling play pivotal roles in endothelial dysfunction in type II diabetes [18] .
This work may provide new approaches for the treatment of vasculopathy in type II diabetes vis-à-vis the use of antibodies against TNF-a or its receptors, or decoy receptors for this inflammatory agent. This poses a novel and exciting possibility for therapeutic amelioration of this disease. It is critical to attempt anti-TNF-a therapy in models of pathology, because this new kind of therapy has great potential to become the basis for such intervention in the future. This work illustrates the current views on how basic theoretical research can point the way to understanding the mechanism of type II diabetes and how directed searches for new therapeutic drugs can be discovered and conducted. There is also interest in applying these models, as well as other murine genetic models, to the study of cardiovascular diseases like hypertension, atherosclerosis and diabetes at the molecular, cellular, and intact tissue levels. The possibility of using soluble TNF receptor therapy that is being used in the treatment of rheumatoid arthritis, has been also discussed [12, 23, 34] .
In native coronary vessels, TNF-a contributes to the progression from stable to unstable plaques by augmenting the local inflammatory response via multiple effects [4] . TNF-a-induced effects include the release of cell surface adhesion molecules, the increase in thrombotic activity, and induction of endothelial and smooth muscle cell apoptosis by increased formation of ROS within the plaque [4] . The periprocedural release of plaque-derived TNF-a possibly represents the amount and activity of the atherosclerotic process and might be a predictor for restenosis [4] . The importance of a lipid lowering and anti-inflammatory statin therapy in established atherosclerosis is well described and several studies have established an additional role for statin therapy besides its lipid lowering properties due to direct antiinflammatory effects in atherosclerosis [26] . The results from Kalsch et al. [26] may illuminate possible anti-inflammatory and anti-atherogenic implications of a statin therapy in early subclinical atherosclerotic disease since atorvastatin directly reduces platelet expression of CD ligand and simvastatin attenuates endotoxin-induced tissue factor formation. The current studies on the role of LOX-1 in atherosclerosis [64] documents the direct evidence that endothelial dysfunction in atherosclerosis is mediated, at least in part, via the interaction of ox-LDL with its receptor, LOX-1, which in turn stimulates endothelial generation of superoxide radicals by activation of NAD(P)H oxidase. These results may contribute to the development of novel adjunctive therapies using anti-ox-LDL and/or anti-LOX-1 antibodies or soluble receptors to prevent endothelial dysfunction following atherosclerosis [43, 64] .
Conclusion
Mounting evidence shows that disturbed endothelial function may be an early marker of an ongoing atherosclerotic process. Thus, endothelial dysfunction has increasingly been recognized to play an important role in a number of conditions associated with a high prevalence of atherosclerotic CVDs, including obesity and diabetes. The identification of elevated CRP as a transient independent risk factor for endothelial dysfunction might provide an important clue to link a systemic marker of inflammation to progression of atherosclerotic disease. Available evidence suggests that low-grade inflammation is accompanied by a decreased bioavailability of endogenous NO and that TNF-a may play a key role in these events. Thus, randomized longitudinal studies are now needed to investigate whether or not various anti-inflammatory treatment strategies (such as anti-TNF-a treatment) improve endothelial function in ischemic-heart disease patients and, more importantly, also decrease the unacceptable high cardiovascular mortality rate in this patient group.
New animal models, diagnostic techniques and therapeutic agents are expected to be developed from this work. The early appearance of TNF-a in the disease process and its association with subsequent inflammation indicates that the role of TNF-a warrants further study. Understanding endothelial dysfunction is critical, because this condition precedes the development of coronary disease; thus, if endothelial dysfunction can be rectified, the progression of vascular disease may be halted. 
